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ABSTRACT
The behavior of the system NaAlEt^-benzene-HMPA 
as a function of the mole ratio HMPA:NaAlEt^ has been
studied via equivalent conductance measurements, viscosity
23 27 1measurements and Na, A1 and H nmr spectroscopy. This
system has the property of forming two immiscible liquid
phases. Therefore a careful analysis of the dependence of
the lower phase volume on the mole ratio was undertaken.
Additionally the uptake of benzene into the lower phase
can be followed via nmr integration.
The volume studies indicate a similarity in
behavior of the anionic organoaluminum "liquid clathrate"
compounds. The formation of two liquid phases has been
related to the extent of aggregation in this system. The
temperature dependence of the equivalent conductance has
yielded an activation energy of ionic mobility which can
also be related to the extent of aggregation. From these
data, it is apparent that a major change in the solute
structure occurs at a ratio of 2.5:1 HMPA:NaAlEt^. At
higher ratios the aggregate breaks up. This break up can
be attributed to the formation of a stable solvent bridged
2+complex of stoichiometry [Na2 *5HMPA]
f  » tvriL
The interpretation of quadrupole-electric field
23gradient spin-lattice relaxation mechanism in the Na
nmr spectra implies a stepwise complexation process with
HMPA. It was observed that the molecular correlation
time, t , of the sodium ion can be approximated by the
Debye-Stokes formula for the rotational correlation of
27a particle in solution. The A1 spin-lattice relaxation
time is also primarily due to a quadrupole-electric field
27gradient interaction. The correlation time of the A1
nucleus results from an entirely different motional
23process than for the Na. The proton nmr lineshape of
the methylene resonance has been shown to result from the
27scalar coupling of the protons to the quadrupolar A1
27nucleus. Since the Al relaxation time has been shown 
to be strongly dependent on ion-ion interactions, the 
proton nmr lineshape is a sensitive probe of the ion 
pair type.
Almost all the chemical processes which occur 
in nature, whether in animal or vegetable organisms, 
or in the nonliving surface of the earth . . . take - 
place between substances in solution.
--W. Ostwald, 1890 
(compliments of GAUSSIAN 80)
INTRODUCTION
The interaction of species in solution is certainly 
fundamental to a major part of chemistry. Of particular 
interest here is the problem of describing the nature of 
the species present in electrolyte solutions. As is 
usually the case, the historical development of electro­
lyte theory plays a critical role in our understanding of 
solution chemistry today.
The first m o d e m  electrolyte theory was proposed 
by S. Arrhenius in the 1880's.^ The Arrhenius theory 
assumed that electrolytes are completely dissociated to 
their component ions in the limit of infinite dilution and 
a decrease in the equivalent conductance with increasing 
concentration is due to the association of the ions to form 
neutral molecules. This theory worked fairly well for weak 
electrolytes in aqueous solutions but failed completely in 
the case of strong electrolytes. Approximately forty years 
elasped before an answer to the strong electrolyte problem 
was furnished by the Debye-Hiickel theory. In its most
1
2
general form, this theory is capable of describing many
thermodynamic properties of dilute aqueous solutions of
strong electrolytes. Carrying the treatment to a related
area, Onsager used the Debye-Huckel approach to develop
his equation for the conductance behavior of strong
3electrolyte solutions.
At the same time the Debye-Hiickel theory was being 
developed, N. Bjerrum used a totally different approach.
He developed a theory which took into account the impor­
tance of ion association, a factor ignored by both the 
Debye-Hiickel theory and the Onsager conductivity theory.
The Bjerrum theory introduced the concept of ion pairs and 
showed how the dissociation constant of the ion pair 
equilibrium should be dependent on the dielectric constant 
of the solvent as well as the temperature and the ionic 
radii. It must be strongly emphasized that Bjerrum*s ion 
pair concept was fundamentally different from Arrhenius' 
neutral molecules. The Bjerrum theory contains an adjust­
able parameter to compensate for the effective ionic radius 
of a solvated ion.
The validity of the Bjerrum theory was demonstrated
in perhaps one of the most important experimental studies
5in the field of electrolyte theory. Fuoss and Kraus 
evaluated the ion pair dissociation constants of tetraiso- 
amylammonium nitrate in dioxane-water mixtures as a
3
function of solvent dielectric constant. They showed that 
the dissociation constant varied in accordance with the 
Bjerrum theory. In the solutions containing a small 
fraction of water and consequently a low dielectric con­
stant, there was observed a very pronounced minimum in the 
log equivalent conductance versus log concentration curve 
which could only be attributed to the formation of neutral 
ion pairs. A rise in the equivalent conductance at higher 
concentrations was attributed to a further association to 
form triple ions and higher aggregates.
The microscopic nature of electrolyte solutions as 
it is reflected in the equivalent conductance can be very 
adequately described by a combination of the Debye-Hiickel 
approach and the Bjerrum theory with a very important 
restriction. The Debye-Hiickel theory is a limiting law 
which is strictly valid only in the limit of infinite 
dilution. The Bjerrum theory is appropriate at finite 
concentrations although it is still most appropriate only 
in dilute solutions. Twenty-fours years ago, C. A. Kraus** 
stated the shortcomings of the current electrolyte theory 
most succinctly:
Our knowledge of electrolytes today is much, 
as was our knowledge of Africa prior to the 
explorations of Livingstone and Stanley; it is 
peripheral. We know something of dilute solu­
tions in water up to, perhaps, 0,1 N; in
4
benzene, up to 1 x 10” N and we know something 
of fused salts. But we Enow very little about 
the vast area that lies between dilute solutions, 
on the one hand, and fused salts on the other.
In the region of intermediate and higher concen­
trations, the interactions between ions becomes increas­
ingly more significant. The strength of the electrostatic 
interaction between a cation and an anion may be seen to 
be a function of the ionic charges, the ionic radii and the 
polarizability of the ions.^ In addition there is a strong 
dependence on the nature of the solvent. In fact, the role 
of the solvent in attenuating ion-ion interactions has been 
the main thrust in the investigations of the nature of 
electrolyte solutions for the past 25 years. Thirty years 
ago the only solvent property which was considered of any 
importance to ionic association was the bulk dielectric 
constant. Gilkerson was perhaps the first to consider any 
specific solvent effect other than that due to the 
dielectric constant in considering the effects of prefer­
ential solvation on the behavior of ions in mixed solvents.
Perhaps the single most significant development in
the field of electrolyte solutions was the proposal by
8 9Winstein ' of a second type of ion pair, the solvent 
separated ion pair. The significance of Winstein's proposal 
lies not so much in the concept but in the fact that for 
perhaps the first time a researcher outside the narrow
5
field of electrolyte theory recognized the importance of 
ionic association to reaction chemistry and he further 
related this to specific solvent properties. This work 
more than any other is responsible for the death of the 
concept of the solvent as a featureless medium of uniform 
dielectric constant.
Grunwald^® further developed the concept of solvent 
separated ion pairs. He proposed that the energy required 
to remove the last layer of intervening solvent molecules 
was sufficient to produce a double minimum in the ion pair 
potential energy curve corresponding to two separate ion 
pair types; contact ion pairs and solvent separated ion 
pairs. Griffeths and Symons^ proposed a third type of ion 
pair, the solvent shared ion pair in which the ions are 
linked electrostatically via a single oriented solvent 
dipole. In fact, the ion size parameter in the Bjerrum 
theory allows for the existence of solvated ion pair 
species but does not distinguish between the chemical 
properties of each type.
The first direct experimental evidence for the
existence of two distinct ion pair species was obtained by
12Hogen-Esch and Smid. They noted two absorption peaks in 
THF solutions of 9-fluorenyllithium occurring at 355 and 
373 my. In a poor solvating medium such as toluene only 
the 355 mu peak is observed, this peak, therefore, was
6
assigned to a contact ion pair. In a strongly solvating
medium like dimethoxyethane only the 373 my peak is
observed. The equivalent conductance data indicated a very
low concentration of free ions, therefore the peak at
373 my must be due to solvent separated ion pairs.
Gilkerson^ had previously recognized that the
solvent dielectric constant alone is insufficient to
explain the differences in ion-ion interactions in various
solvents. This recognition led to the search for a new
solvent parameter which would better relate to ion associ- 
13ation. Kosower introduced a scale of solvent Z values
based on the solution UV spectrum of 1-ethylcarbomethoxy-
pyridinium iodide, which he considered characteristic of
the ability of a solvent to stabilize an ionic state.
Unfortunately many solvents with nearly identical Z values
such as nitromethane, acetonitrile, and dimethylsulfoxide
have vastly different solvating powers.
An important approach to solvent effects in non-
aqueous electrolyte solutions based on the formalisms of
coordination chemistry was developed by Drago and 
14Purcell. This approach has led to the recognition that 
the ability of a solvent to complex an ion is one of the 
most important properties in determining the extent of ion 
association. Based on these ideas Gutmann^ then developed 
a scale of Lewis basicity from the enthalpy of adduct
7
formation of a solvent with the reference Lewis acid,
antimony pentachloride. He called the listing of the AH
values the Donor Number (DN) scale. Later Popov, Ehrlich
and Roach*’*’ were able to demonstrate a linear correlation 
23between the Na nmr chemical shifts and the solvent
donor number. It had been shown earlier by Kondo and 
17 23Yamashito that the Na chemical shift is determined by 
the electron density at the sodium nucleus.
However there are some contradictory results con­
cerning the validity of the Gutmann Donor Number scale as 
a measure of solvating power toward the sodium ion. In 
one example, the value of 33.1 for pyridine was second only 
to hexamethylphosphoramide (HMPA) in the original DN scale,
yet this solvent displays poor solvating ability toward the 
18sodium ion. In another example triethylamine has been
given the highest DN of all, 61.0, yet it was shown in
1968 that this solvent is an extremely poor solvating agent
19toward the sodium ion. In the context of Pearson's hard 
and soft acid and base formalism, it might be noted that 
nitrogen donors should in general be poorer solvating 
agents toward a hard Lewis acid, such as the sodium ion, 
than oxygen donors.
In light of such discrepancies, it becomes obvious 
that the choice of the experimental system is very critical 
in the study of ion-ion and ion-solvent interactions. In
8
aqueous media, for example, specific ion-solvent inter­
actions are frequently difficult to observe because of a 
rapid exchange between complexed water molecules and 
molecules outside of the solvation sphere. On the other 
hand, solvents of lower dielectric constant can induce a 
variety of ion-ion and ion-solvent interactions with a 
complexity which precludes any simple evaluation of the 
specific solvent role. The use of mixed solvent systems 
is a very common technique in the study of ion-solvent 
interactions. The interpretation of data obtained in mixed 
solvents always requires an evaluation of the equilibrium 
expression for the competition between the two solvents for 
coordination sites and this is usually not known or even 
obtainable. The problem of competitive solvation can only
be eliminated by devising a system where such exchange
20does not occur. Kebarle and Hogg developed one particular 
technique in which this criterion is met. They determined 
individual solvation energies for the stepwise solvation of 
the ammonium ion by neutral ammonia molecules via gas phase 
mass spectroscopy. Yet this system is by no means ideal.
The validity of gas phase data applied to liquid solutions 
may be questionable. More importantly, while ammonium 
electrolytes are useful in many studies for their solu­
bility in low dielectric solvents, solvation of the cation
9
is less strong for a large ammonium ion than it is for a 
smaller alkali metal ion.
An ideal system then would contain a salt with a 
small cation which is soluble in non-complexing solvents 
such as hexane or benzene. By adding controlled amounts 
of a complexing solvent to such a solution, it would be 
possible to directly observe the interaction of the cation 
with the complexing agent. Essentially the only known 
alkali metal salts which exhibit this solubility are the 
alkali metal tetraalkylaluminate salts typified by sodium 
tetraethylaluminate.
A particularly unique aspect of systems of the 
type NaAlR^-inert solvent-donor is the ability to monitor 
both ion-ion and ion-solvent interactions in the same
91solution. For example, Hohn, Olander and Day monitored 
the amount of complexed THF as a function of the ratio 
THF/NaAl(nBu)^ in cyclohexane solution by observing a shift 
in the C-O-C assymmetric stretching vibration in the infra­
red spectrum. This experiment demonstrated a specific 
cation-solvent interaction but did not distinguish between 
ion-pair types. This problem was solved as a result of
the presence of a scalar coupling between the spin %
1 13 27nuclei ( H and C) and the quadrupolar A1 nucleus
yielding an nmr spectrum which is extremely sensitive to
the proximity of the cation in an ion pair. Gore and
10
22Gutowsky were able to thus distinguish between contact
and solvent separated ion pairs in solutions of lithium
tetramethylaluminate in diethylether, THF and dimethoxy-
23ethane. Carrying this idea further, Ahmad and Day 
developed a technique for determining the number of donor 
solvent molecules necessary to convert a contact ion pair 
to a solvent separated ion pair in the system
NaAlEt^-benzene-donor.
This particular system has shown great promise as a nearly
ideal system for the study of ion-ion and ion-solvent
0 Ainteractions. A number of analytical techniques are 
amenable to this system including electrolytic conductivity 
measurements, infrared spectroscopy, and nuclear magnetic 
resonance. A particularly unique property of this system 
is the separation into two immiscible liquid phases. There 
have been a number of reports of two phasing in other 
electrolyte solutions but no other system offers the range 
of information concerning the ionic species present as 
does this system.
We have seen that ion-ion and ion-solvent inter­
actions play an extremely important role in our understand­
ing of electrolyte solutions. The ability to see both 
interactions simultaneously makes the system NaAlEt^- 
benzene-donor particularly useful. By means of a variety 
of analytical techniques, the specific role of solvation
11
on the behavior of the system NaAlEt^-benzene-HMPA has 
been studied. The most outstanding properties of this 
system are the two phasing phenomenon and the dependence 
of the nmr spectrum on quadrupolar interactions. By a 
complete analysis of both of these aspects of the system 
in terms of specific ion-ion and ion-solvent interactions, 
it is hoped we can derive some insight into the microscopic 
structural features of an electrolyte solution in the 




In any study involving nonaqueous electrolyte 
solutions, the absolute exclusion of traces of water is 
essential to the attainment of reproducible results. This 
particular system has an additional constraint in the 
pyrophoric nature of the salt NaAlEt^. In general, this 
insures the absence of water by the visible formation of 
gelatinous aluminum oxide and alkoxide precipitates. Con­
sequently all solvent distillations were carried out under 
a blanket of nitrogen and all manipulations of the salt 
including recrystallization, solution preparation, and 
loading of cells, viscometers, and nmr tubes were performed 
in an argon filled dry box. The dry box is the same as the 
nitrogen boxes used by previous workers in this laboratory 
with the slight modification that argon was substituted as 
the inert gas. It was found that the use of argon permitted 
a longer time between regeneration of the purification 
train and subsequently used less gas than the nitrogen 
boxes. The purification train consists of a copper oven 
for oxygen removal, a molecular sieve trap for removal of 
water, a dry ice trap for removal of water and solvent
12
13
vapor and a manganous oxide column for scavenging residual 
oxygen.
It must be noted that any solutions found to 
contain evidence of aluminum oxide formation were dis­
carded.
Reagents
Preparation of sodium tetraethylaluminate. Sodium
tetraethylaluminate was prepared by the method of Frey
25et at. One mole, 23.0 g, of clean sodium metal was
added to 300 ml of dried distilled toluene in a 3 neck, 1 
liter Morton flask. The flask was then fitted with a Cole- 
Parmer Stir-0-Vac high speed stirrer and a reflux condenser. 
A glass T attached to a nitrogen line and an oil bubbler 
was fitted to the top of the condenser to provide a slight 
nitrogen pressure over the system. The toluene was heated 
to reflux with very rapid stirring, approximately 5,000 to 
10,000 rpm, to produce a fine dispersion of the sodium. A 
250 ml pressure equalizing addition funnel was charged in 
the dry box with one mole, 114 g, 96.5 ml, of triethyl- 
aluminum. This was then taken from the box and fitted to 
the flask insuring that no air was allowed to enter. The 
alkyl was then added dropwise with stirring to the sodium 
dispersion over a period of 20-30 minutes. Some gentle 
heat was necessary to maintain the reflux condition.
14
After the addition was complete the reaction was allowed 
to continue under the same conditions for 2-3 hours. At 
the end of this period, the addition funnel, the stirrer 
and the condenser were removed from the flask and the hot 
flask was transferred into the dry box. (Care must be 
taken at this point to once more insure than no air is 
allowed to enter the flask and cause a fire.) The mixture 
was filtered while still hot through a 350 mm medium frit 
Buchner funnel. It was found helpful to wrap the funnel 
with a heating tape to prevent crystallization within the 
frit. As the solution cooled, white needle-like crystals 
of the salt were observed to form. The excess toluene was 
decanted from the precipitate and the salt was recrystal­
lized once more from fresh toluene. After the solution 
had again cooled, the toluene was decanted and the 
crystals were washed with 3 or 4 50-ml aliquots of dried 
distilled n-pentane. After the last washing the salt was 
evacuated for at least 24 hours to remove any residual 
solvents.
The pure salt is a colorless crystalline solid.
The crystals form as elongated square prisms. An x-ray 
crystallographic structure determination is included as an 
appendix to this work.
15
Solvents
Solvents used in the synthesis were purified by 
refluxing over calcium hydride for 8-10 hours prior to 
distillation through a 150 cm glass helix packed column.
All distillations were carried out under a nitrogen 
atmosphere. Benzene was refluxed over calcium hydride for 
24 hours and distilled through a 300 cm glass helix packed 
heated column. The distillation head was a solenoid 
actuated liquid dividing head operated at a 4:1 reflux 
ratio. The first 20-50 ml fraction was discarded, and the 
center fraction was collected over sodium wire. Deuterated 
benzene, obtained from Aldrich Chemical Company as 99+ 
atom%, was checked for reactivity with the salt and used 
without further purification. Hexamethylphosphoramide 
(HMPA) was refluxed over calcium hydride for 24-48 hours 
at 0.5 torr in a one piece 30 cm vacuum distillation 
apparatus. The first fraction was discarded and the center 
fraction collected. Fresh HMPA was distilled at 2 week 
intervals.
Data
Lower phase volume. The accurate volume of the 
lower phase as a function of the ratio HMPA/salt was deter­
mined by a careful HMPA titration of a salt solution in 
benzene. The titration was carried out on the pan of a
16
top loading balance In a 25 ml buret sealed at one end.
In this manner the amount of HMPA added could be carefully 
determined. After the addition of HMPA, the buret was 
weighed and the solution stirred vigorously to insure 
reaction with the added HMPA. After phase separation, the 
volume of the lower phase was determined by an accurate 
calibration curve for the volume of the container plus the 
stirrer. In this way the volume of the lower phase could 
be determined to within an accuracy of ±0.05 ml.
Viscosity measurements. The viscosities of the 
lower phase solutions were determined using Canon-Fenske 
viscometers equipped with stopcock and standard taper ball 
joints. Both arms of the viscometer were attached to a 
nitrogen line designed so that by closing a valve a slight 
pressure could be applied to one side of the viscometer to 
force the liquid level above the mark. Opening the valve 
equalized the pressure on both sides and the time for the
liquid to drop between the two lines was measured with a
Precision Scientific Time-It digital timer. Four to six
runs were made at each temperature. The temperature of
the viscometers was maintained by submersion in an oil 
filled Sargent-Welch Thermonitor water bath. The 
viscometer constants were determined with Dow-Coming 
viscosity standard silicone oil.
17
The viscosity of the solution was calculated by 
Equation 1.
1  - Bt Eq. 1
P
where p * density
B = Viscometer constant 
t = flow time
The.solution densities were determined using 5 ml 
volumetric flasks in which the stems were replaced with a 
section of a graduated 1.00 ml pipet. These were cali­
brated with distilled water at 25.00°C. The flasks were 
then loaded with the appropriate solution, accurately 
weighed and suspended in the temperature bath. In this 
way it was possible to determine accurately the density at 
the temperatures corresponding to those of the viscosity 
measurements.
Equivalent conductance. Conductance measurements 
were made in conductivity cells of conventional design 
with shiny platinum electrodes. Concentrations were 
determined using the volume dependence curve. Cell con­
stants were determined with a standard 0.0100 N KC1 
solution. The conductance apparatus consisted of a Leeds 
and Northrup Model 466 Conductivity Bridge. The A.C. 
source was a Hewlett-Packard 200-D audio frequency 
oscillator. It was found that the highly capacitive
18
nature of the concentrated solutions required that the 
measurements be made at a frequency of 50 kHz. It was 
determined however that the frequency dependence of the 
conductance was not excessively large. The detector was 
a General Radio 1232-A tuned amplifier and null detector. 
The cell temperature was maintained by submersion in the 
oil bath.
The equivalent conductance was calculated via 
Equation 2.
A - ttfigpW iq. 2
where 6 = cell constant
M = Molar concentration 
R = resistance
Nuclear Magnetic Resonance
Sample preparation. Solutions were prepared in
10 ml volumetric flasks by the addition by weight of
appropriate amounts of HMPA to a weighed amount of salt
followed by dilution with benzene. All proton spectra
13were obtained using standard 5 mm nmr tubes. The C,
27 23Al, and Na spectra required the use of 10 mm tubes. 
Spectra recorded on the Bruker WP200 spectrometer required 
a deuterated solvent for the fieId-frequency lock. For 
this reason approximately 1 ml of deuterated benzene was 
added to these solutions before the lower phase was loaded 
into the nmr tubes. This was found to give an adequate 
lock signal while conserving the deuterated solvent.
19
Proton nmr. All proton nmr spectra were obtained
on a Varian A-60 60 MHz spectrometer or a Varian HA-100
MHz spectrometer. Variable temperature proton spectra and 
27Al decoupled proton spectra were obtained on the 100 MHz
instrument. The variable temperature measurements were
made using the variable temperature accessory on the
27instrument. The details of the Al decoupling study are 
included as an appendix to this work.
Multinuclear nmr. The nmr spectra of all other
nuclei were obtained on the Chemistry Department Bruker
WP-200FTnmr spectrometer. This spectrometer is designed
for routine 200 MHz ^H spectroscopy and 50.23 MHz
spectroscopy. Additionally the instrument is equipped
with two broad band tunable probes with a total frequency
1 13range of 10-90 MHz. While the H and C frequencies are
generated internally, any other frequency is generated
with a PTS-160 frequency synthesizer. The spectral
27 23parameters for Al and Na are tabulated in Table 1.1 
23 27The Na and Al relaxation times were determined 
from Equation 3 assuming extreme narrowing conditions.




Spectrometer Frequency 52.938 MHz
Offset 60,000 Hz
Synthesizer Frequency 73.626 MHz
Spectral Window 50,000 Hz
i
Size 1 K
Number of Scans 10,000
Acquisition Time 0.0102 sec
Pulse Width 16 vsec
27A1
Spectrometer Frequency 52.148 MHz
Offset 50,000 Hz
Synthesizer Frequency 74.015 MHz
Spectral Window 1000 Hz
Size 2 K
Number of Scans 100
Acquisition Time 1.024 sec
Pulse Width 10 ysec
CHAPTER 2
PROPERTIES OF THE TWO PHASE SYSTEM
Introduction
One of the most unique properties of the system,
NaAlEt^-benzene-HMPA, is its tendency to separate into two
26immiscible liquid phases. While earlier researchers 
in this area have viewed the two phasing as, at best, an 
inconvenience, it was decided that a better understanding 
of the exact nature of the phase separation could prove 
very helpful. Certain aspects of the lower phase suggest 
that a great deal of important information concerning the 
ion-solvent interaction present in these solutions may be 
obtained from a careful analysis of the two phase behavior. 
Initially it was observed that the volume of the lower 
phase was critically dependent on the ratio of HMPA:salt. 
The earlier observation that the solution formed a single 
phase at a 4:1 ratio proved merely to show that the lower 
phase volume was greater than the volume of the flask 
used. It was observed that in the presence of a large 
excess of benzene, two phases are present up to and above 
a ratio of 10:1. However the lower phase volume does 
become fixed at a ratio of 6:1.
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A careful study was made of the dependence of the 
lower phase volume on the mole ratio HMPA:NaAlEt^. In 
addition the uptake of benzene in the lower phase was 
monitored via proton nmr. The results were compared with 
a similar study on the DMSO system carried out in this 
laboratory. The data were analyzed in terms of the 
effect of the nature and extent of ionic association 
present in these solutions. Based upon this data, a novel 
HMPA bridged species is proposed to be predominant at a 
ratio of 2.5:1 HMPA:NaAlEt^.
Theory
The formation of two liquid phases is not unknown
/for electrolyte solutions in non-polar solvents. For
27example, Fuoss and Kraus observed that (i-Amyl)^N-Picrate
forms two liquid phases in benzene above a concentration
of 0.1 M. Other examples are Ga2Cl^ in benzene,^®
HFeCl^^ and NH^FeCl^® in diethylether, and 
30(Bu)^N Al(Bu)^ in benzene. In all of these compounds, 
the two phasing occurs only within a certain concentration 
range which has been referred to as the miscibility gap.
An important class of electrolytes has been developed by 
J. L. Atwood^ which have the unusual property of forming 
an immiscible phase in aromatic solvents which contains a 
fixed number of aromatic molecules per ionic unit. As a
23
result of this property these compounds have been given the 
generic name "liquid clathrate,"
Two theories have been proposed to account for two
28phasing, a thermodynamic theory by H. L. Friedman and 
Atwood's liquid clathrate proposal. Since both arguments 
are essentially based on ion association it is appropriate 
to examine both theories.
Friedman's theory is perhaps the more theoretically 
sound proposal for the existence of two phases in electro­
lyte solutions. While a rigorous mathematical treatment 
is beyond the scope of this work, a simple conceptual model 
can be outlined which is reasonably accurate.
In all reported cases of two phase behavior, it is 
reasonable to assume that the electrolyte consists 
predominantly of ion pairs rather than free ions. An ion 
pair can be represented as having a very large dipole 
moment. The dielectric constant of such a solution may 
therefore increase drastically as the concentration of ion 
pairs increases. If the dielectric constant increases 
strongly enough, then the stabilization of the ion pair 
dipoles relative to their state in the pure solvent can 
become so great that the activity of the electrolyte no 
longer increases with concentration. At this point it can 
be mathematically demonstrated that the solution becomes 
unstable with respect to separation into two phases with
24
different concentrations. It was shown that such a 
drastic increase in dielectric constant does occur for the 
salt NH^FeCl^ in diethylether just prior to the misci-
O Qbility gap. The thermodynamic criterion for two phasing 
is the same as the one usually used for the liquid-vapor 
phase equilibrium of a substance in terms of its equation 
of state. It is interesting to note that Friedman 
suggested an alternative explanation in terms of associ­
ation of ion pairs into larger aggregates.
Atwood's liquid clathrate proposal is based on 
the formation of a stable long-range aggregate. Liquid 
clathrate behavior can be defined as the formation in an 
electrolyte solution of two immiscible liquid phases.
The upper phase contains only excess solvent while the 
lower phase contains the electrolyte plus a small number 
of solvent molecules per ionic unit. Such behavior has 
been observed in salts of the general formula, 
MtA^CCH-jJgX], where M - alkali metal of group VA tetra- 
alkyl cation and X is a bridging ligand which can be a 
halogen or a pseudohalogen. The only salts which do not 
demonstrate this behavior have been those in which the 
Al-X-Al linkage is approximately linear. Therefore it has 
been proposed that the existence of a bent anion is 
necessary for liquid clathrate formation. A clue to the 
solution structure of these unique compounds has perhaps
25
been obtained in the crystal structure of the similar 
compound KtCH^SefAl^H^)^}^] *2CgHg. ̂  This compound forms 
a crystalline solvate with benzene in which the benzene is 
found with an anomolously high thermal motion. In fact, 
the structure was solved and refined to an R value of 
0.083 without including the atoms of the benzene molecules. 
This is extremely significant when it is considered that 
these benzene atoms contribute 43% of the electron density 
in the unit cell. The location of the benzene molecules 
was crudely determined from weak peaks in a Fourier 
difference map and vacancies in the unit cell. In the 
crystalline lattice, there are layers of thermally dis­
ordered benzene molecules. It was proposed then that the 
explanation for the liquid clathrate behavior can be in the 
existence of similar layer-like domains in the liquid.
It seems therefore that both theories are useful 
and mutually exclusive. The dielectric constant theory 
presupposes that a particular concentration difference is 
necessary to maintain the phase integrity. By the law of 
mass action, the addition of excess solvent will extract 
solute into the less dense phase. In a true liquid 
clathrate however, no change will be observed upon the 
addition of excess solvent. The concentration of solute 
in the lower phase is fixed and independent of the upper
26
phase. In this manner it is possible to determine whether 
the phase separation can be treated by a dielectric con­
stant model or a liquid clathrate model.
Results and Discussion
The separation of the phases is a very visible 
characteristic of this system. The volume of the 
lower phase as a function of the mole ratio HMPArNaAlEt^ 
is given in Table 2.1. In Figure 2.1, the data are 
compared to the similar DMSO system. The most striking 
feature here is the complete lack of any point of corres­
pondence between the two curves. There are at least 
three and possibly four inflection points in the HMPA 
curve corresponding to approximately 1.5, 2.5, 4.0 and 
6.0 HMPA:NaAlEt^. In the case of DMSO, the phases become 
miscible at a ratio of 1.5:1. Beyond this, there is a 
steady increase in volume. As increase in volume can be 
related to two factors: the molar volume of the solute or
an uptake of benzene into the lower phase. It has been
40shown by Hammonds that benzene does not become involved 
in any specific ion-solvent interaction with the sodium 
ion. Therefore the contribution of the benzene to the 
volume can, as a first approximation, be determined 
directly from the molar amount of benzene in the lower 
phase and the density. This can be measured by comparing
27
Table 2.1









0.908 1.02 2.14 3.03
0.968 1.16 2.22 3.07
1.044 1.32 2.23 3.10
1.06 1.52 2.29 3.26
1.09 1.74 2.35 3.42
1.15 1.69 2.37 3.27
1.18 1.97 2.38 3.40
1.27 1.94 2.42 3.41
1.29 2.20 2.43 3.42
1.32 2.03 2.48 3.59
1.38 2.26 2.54 3.82
1.39 2.47 2.54 3.72
1.47 2.49 2.55 3.61
1.65 2.76 2.60 3.56
1.74 2.85 2,63 3.88
1.77 2.75 2.66 4.19
1.82 2.90 2.66 4.10
1.90 2.84 2.73 3.84
1.90 2.95 2.79 4.30
1.95 2.79 2.81 4.34
1.95 2.89 2.82 4.40
1.96 2.95 2.83 4.11
2.06 3.00 3.14 5.17
2.08 2.89 3.15 5.42
2.10 3.03 3.24 5.43











3.37 5.88 4.90 10.19
3.44 6.21 4.94 10.34
3.47 6.23 5.01 10.76
3.48 6.23 5.06 10.58
3.53 6.33 5.20 11.18
3.66 6.91 5.21 11.50
3.67 6.89 5.28 11.57
3.73 7.36 5.34 11.78
3.78 7.29 5.38 11.23
3.89 7.94 5.48 12.74
3.90 7.78 5.49 12.68
4.02 8.03 5.58 13.38
4.09 8.29 5.70 14.54
4.11 8.48 5.79 15.36
4.17 8.48 5.91 15.36
4.51 9.18 6.03 15.45
4.70 9.49 6.50 15.40
4.86 10.20 7.00 15.50
Figure 2.1
Volume of the lower phase in milliters as a function of mole ratio 
donoriNaAlEt^, 0.500 g NaAlEt^, A =  HMPA, o = DMSO.
3 4 5
Donor * ^• ♦
A ^
1 1 1 1  




the integrated area of the proton nmr signal for benzene 
to the donor solvent. This ratio, when corrected for the 
relative number of protons and the ratio of donor:salt, 
is the number of benzene molecules per ionic unit contained 
in the lower phase. The ratio of benzene:salt versus 
HMPA:salt is given in Table 2.2. In Figure 2.2, this 
ratio of benzene:salt is shown as a function of mole 
ratio donor:salt for both HMPA and DMSO. Once again the 
difference between the two donors is striking. It is a 
very significant point that up to a mole ratio of 2.5:1 
the HMPA system maintains a constant amount of benzene in 
the lower phase. In the DMSO system, except for the dis­
continuity at 1.5:1 where th^ phases mix, the amount of 
benzene in the lower phase mirrors the volume. It is not 
clear why there is such a difference in the behavior of 
the two donors. Logically, the difference can only reside 
in their relative solvating abilities. HMPA has a very 
high Gutmann donor number, 38.8. DMSO has a donor number 
of 29.8 which should make it a considerably poorer com- 
plexing agent, but nonetheless still a good one. It was 
observed in this laboratory that the addition of large 
excess of benzene to a solution of 6:1 DMSO:NaAlEt^ caused 
a significant decrease in the lower phase volume. The 
proton nmr of the remaining lower phase indicated that the 
DMSO remaining was insufficient to completely separate the
32
Table 2.2
































Ratio of benzene to sodium as a function of mole ratio donor:NaAlEt, 









[Na"**|AlEt^"] contact ion pair. This ability to extract 
DMSO from the salt by mass action implies a relatively 
weak complexation. It was also observed that even at a 
ratio as low as 2.5:1 DMSO:NaAlEt^ some salt is present in 
the upper phase. The DMSO system thus seems to exhibit 
those properties predicted by Friedman's theory. The HMPA 
system on the other hand is not so easily dismissed. Up 
to a ratio of 6:1 HMPAiNaAlEt^, the lower phase volume 
remains fixed and completely independent of the amount of 
excess benzene added. In addition there is no evidence 
to indicate any salt in the upper phase. The sharp break 
in Figure 2.2 at the ratio of 2.5:1 has led to the con­
clusion that some particular species which exist at 
ratios up to 2.5:1 break up to simple ion pairs above 
this critical ratio.
33From the molecular weight studies of Muller it is 
realized that a very high degree of aggregation can be 
expected for NaAlEt^ in benzene. In the same study it was 
shown that the extent of aggregation was decreased in the 
presence of ion-solvent interactions. It is proposed then 
that the formation of solvent bridges between two cations 
can explain the break up of an aggregate at 2.5:1. A 
proposed 2.5:1 complex is shown in Figure 2.3. It is 
important to note that the addition of a single HMPA 
molecule to such a bridged species will cause a break up
Figure 2.3
Proposed structure of the 2.5:1 complex.
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of the aggregates to 3:1 Ion pair complexes. Such bridges 
can however exist for lower ratios.
It is not clear exactly what role is played by 
the benzene in these proposed structures. The salt will 
form solid crystalline solvates with melting points above 
100°C up to a ratio of 4:1 HMPA:NaAlEt^. The solvates are 
insoluble in n-alkanes and cyclohexane at room temperature. 
The intimate role of the benzene can be illustrated by the 
observation that a small amount of benzene added to a solid 
solvate causes the entire mass to become a clear viscous 
liquid. An x-ray determination of a 4:1 solvate was 
attempted but because of the high thermal disorder in the 
solvated cation, it was not possible to locate all of the 
atoms in the unit cell. Perhaps the acquisition of a set 
of cryogenic data will allow a satisfactory solution.
The only reasonable explanation then is that in 
the HMPA system, a structure very similar to the liquid 
clathrate structure is formed. In the structure it is 
proposed that large aggregates composed of bridged cat­
ionic species exist up to a ratio of 2.5:1 HMPA:NaAlEt^. 
Beyond that the aggregates break up to simple ion pairs 
and the liquid clathrate comparison becomes inappropriate. 
There is apparently some long range association of these 
ion pairs which is not explicable in terms of a simple 
solution.
CHAPTER 3
TRANSPORT PROPERTIES OF THE LOWER PHASE
Introduction
The equivalent conductance and the solution 
viscosity are two of the most fundamental properties of 
electrolyte solutions. It is well recognized that the 
equivalent conductance in dilute solutions is strongly 
dependent on the viscosity. Both the Onsager equation 
and the later expansion of the Onsager equation by Fuoss^ 
contain terms which account for the retardation of the 
ion atmosphere by the solvent viscosity. There have been 
several empirical equations relating the solvent viscosity 
and the equivalent conductance. Perhaps the most well 
known is Walden's Rule:
= constant Eq. 3.1o o
Walden's Rule can be derived directly from Stokes' law 
and there is considerable controversy over its validity. 
Perhaps one of the most elegant experiments designed to 
test the conductance-viscosity relationship was the study




In this system the viscosity may be varied 
directly over a very wide range without affecting 
appreciably such properties as concentration, temperature, 
and solvent dielectric constant. Therefore it is not 
unreasonable to assume that the ion-solvent and ion-ion 
interactions remain constant over the entire viscosity 
range of the study. Unfortunately no definitive con­
clusions were reached in this system due to excessive 
contamination of the electrolyte.
There is only one conclusion which may be drawn 
from Sanders' work. The dependence of the equivalent 
conductance on the solution viscosity can only be deter­
mined in systems where the ion-ion interactions and ion- 
solvent interactions remain constant. Therefore, since 
the addition of HMPA to solutions of NaAlEt^ in benzene 
causes extensive changes in both ion-solvent interaction 
and ion-ion interactions, there can be no inferences drawn 
from the conductance-viscosity relationship in this system. 
Nevertheless a discussion of the properties of an electro­
lyte solution is not complete without some reference to 
both the equivalent conductance and the viscosity.
The equivalent conductance and solution viscosity 
have been measured as a function of both the mole ratio 
HMPA:NaAlEt^ and the temperature. Since there is as yet 
no good theoretical model for the equivalent conductance
41
of a concentrated solution, the change in equivalent con­
ductance has been related only to the extent of ion 
association. Additionally the temperature dependence of 
the equivalent conductance has yielded an energy of- acti­
vation for ionic mobility. It is proposed that this 
reflects the extent of aggregation present in solution.
The relatively low equivalent conductance implies 
that there are predominantly ion pairs in these solutions. 
Therefore no attempt has been made to relate the viscosity
to long range Coulombic interactions via the approaches
36 37of Falkenhagen or Fuoss and Onsager. Rather it can be
calculated with reasonable accuracy from the volume
fraction of solute in solution.
Results and Discussion
Conductance. The measured equivalent conductances 
are given in Table 3.1 at various temperatures. These 
data were used to construct the plots given in Figures 3.1 
and 3.2.
In Figure 3.1, the equivalent conductance of
NaAlEt^ is presented as a function of the mole ratio
HMPA:NaAlEt^. The concentration range of these solutions
falls in the range of the conductance minima for NaAlBu^
30and Bu^NaAlBu^ (0.2-2.0 M) . Since, in both of the other 
salts, there is little concentration dependence in this
42
Table 3.1
Equivalent Conductance as a Function of 




AEA/R30°C 40°C 50°C 60°C
1.0 .71 .98 1.26 1.52 2570
1.2 .94 1.25 1.62 2.02 2579
1.4 1.39 1.77 2.26 2.95 2523
1.65 2.08 2.71 3.37 4.14 2462
1.85 3.01 3.78 4.6 5.56 2241
2.0 3.25 4.05 4.91 5.87 2060
2.1 3.61 4.49 5.39 6.31 1980
2.2 4.29 4.93 6.30 7.45 1880
2.3 4.49 5.54 6.49 7.66 1920
2.4 5.12 6.19 7.40 8.62 1780
2.65 5.83 7.11 8.48 10.06 1760
2.8 6.09 7.65 9.21 11.09 1830
3.0 6.97 8.73 10.49 12.59 2000
3.2 7.90 9.83 11.78 14.05 1980
3.4 8.18 10.19 12.17 14.35 1930
3.8 9.09 10.82 12.85 14.83 1880
4.2 8.78 10.37 12.30 13.90 1660
5.0 8.57 9.90 11.82 13.34 1570
6.0 7.23 8.39 10.15 11.55 1520
Figure 3.1
Equivalent conductance of the lower phase as a function of mole ratio 
HMPA:NaAlEt4 , D = 3 0 ° C t O  = 40°C, A = 5 0 ° C ,  O  = 60°C.




region we may assume the same for this situation.
Unfortunately the nature of the two phase system prevents
a series of measurements at a constant concentration. We
are assuming that the increase in equivalent conductance
is predominantly a result of ion-solvent interactions.
The conductance maximum at a 4:1 ratio indicates that the
conversion to solvent separated ion pairs is complete at
this ratio. The early study of the proton nmr of this
23system showed the same result.
The data can be fit to the Arrhenius equation 
(Equation 3.2) to yield the activation energy for ionic 
mobility (AE*)•
A least squares linear regression fit of the data 
yields correlation coefficients (r) values greater than 
0.998 for all cases. The calculated activation energy is 
also given in Table 3,1.
In Figure 3.2, this activation energy is shown as 
a function of HMPA:NaAlEt^. The minimum at 4:1 can be 
rationalized by the decrease in the electrostatic ion pair 
attractive potential in forming a solvent separated ion 
pair. The apparent minimum at a 2.5:1 ratio is not as 
easily rationalized. Muller and Day determined that 
aggregation numbers of 6 or more are not uncommon for
Figure 3.2
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NaAlBu^ in cyclohexane at concentrations above 1.5 M. In 
the same study it was observed that ion-solvent inter­
actions tend to decrease the stability of the aggregates. 
The minimum at 2.5:1 may then be related to the extent 
of aggregation in this system. These data imply an 
increased ionic mobility which is consistent with the 
break-up of aggregates.
Viscosity. Since the electrolyte can be con­
sidered as consisting almost exclusively as neutral ion 
pairs, the effect of long range Coulombic forces on the 
viscosity can be ignored. In such an instance, the effect 
of the solute on the viscosity can be modeled by the 
relatively simple case of rigid particles suspended in a 
continuous medium. As a first approximation, it will be
assumed that all of the HMPA is complexed and therefore
38not acting as a solvent. Einstein derived an equation 
for the case of rigid spheres comprising a small fraction 
of the total volume.
-0- - 1 + 2.5* Eq. 3.3
no
where * is the volume fraction of solute.
Vand 7 was later able to expand the Einstein 
equation to deal with larger volume fractions. His results 
are presented in logarithmic form as
49
Eq. 3.4
where Q is an empirical interaction coefficient.
The volume fraction of the solute can be calculated 
from the data presented in Tables 2.1 and 2.2 if it is 
assumed that there is very little contribution to the
shown conclusively that there are no direct ion-solvent 
interactions with benzene. Therefore it is not unreasonable 
to assume that the benzene volume is completely additive.
The volume fraction of benzene in the lower phase, <frgz > can 
then be calculated from the ratio of benzene to salt in 
Table 2.2 and the corresponding lower phase volume from
Table 2.1 via Equation 3.5,
<f,Bz = [ (Bz:Na+) x S x MWfiz x p’̂ J/Vol. LP. Eq. 3
salt
It follows then that the mole fraction of solute 
in the lower phase is given by:
This value can then be used to calculate the vis­
cosity from the Vand equation (Equation 3.4), setting Q 
equal to one.
40volume from partial molar quantities. Hammonds has
* -  1 - 4>bz Eq. 3.6
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The experimental and calculated dependence of the 
viscosity on the mole ratio at various temperatures is 
given in Table 3.2. Since the volume measurements were 
made at room temperature, the calculated values will 
correspond closest to the values at 30°C. A comparison 
between the experimental viscosity at 30°C and the calcu­
lated values is shown in Figure 3.3. The strong agree­
ment shown here certainly vindicates the assumption of a 
small Coulombic contribution.
In conclusion, it must be stressed that the 
viscosity is responding almost entirely to the concen­
tration of the solute. Therefore it would not be proper 
to draw any conclusions concerning the ionic interactions 
based on the apparent significance of the viscosity maxi­
mum shown in Figure 3.3.
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Table 3.2
Dependence of Viscosity on Mole Ratio and Temperature
Ratio
HMPA:NaAlEt^
Experimental Viscosity @ Calculated
Viscosity30°C 40°C 50°C 60°C
1.0 1.98 1.62 1.36 1.15 .33
1.2 2.55 2.03 1.68 1.41 .96
1.4 2,80 2.25 1.86 1.57 2.46
1.6 3.29 2.64 2.16 1.79 3.36
1.8 3.56 2.82 2.30 1.74 3.93
2.0 4.31 3.35 2.64 2.16 4.59
2.2 5.71 4.44 3.54 2.85 5.37
2.4 6.98 5.36 4.25 3.32 8.59
2.6 8.08 6.00 4.62 3.62 6.96
2.8 4.88 3.71 3.07 2.35 4.76
3.0 4.30 3.28 2.58 2.09 3.38
3.2 3.25 2.43 1.88 1.47 2.60
3.4 2.13 1.72 1.39 1.19 2.22
3.8 1.62 1.27 1.06 .84 1.89
4.0 1.37 1.18 1.03 .91 ' 1.76
4.2 1.28 1.08 .95 .84 1.63
5.0 1.00 .86 .76 .70 1.12
6.0 1.02 .88 .78 .71 1.56
7.0 .94 .82 .73 .66
Figure 3.3
Viscosity at 30°C as a function of ratio HMPA:NaAlEt/, A  * experi­










NUCLEAR MAGNETIC RESONANCE STUDIES
Introduction
Nuclear magnetic resonance spectroscopy is perhaps 
the single most versatile spectroscopic technique avail­
able to the chemist. The routine availability of high 
resolution multinuclear spectrometers allows the obser­
vation of any nucleus with a nuclear magnetic moment, 
including the direct observation of ions in solution. The
utility of nmr in studies of electrolyte solutions has been
41the subject of a number of good reviews.
The sodium tetraalkylaluminate salts are well
13suited to nmr analysis. With the exception of C, all
of the nuclei in this salt have a very high nmr
13receptivity. Even C is routinely observable on virtu­
ally any m o d e m  FT nmr spectrometer. We are therefore able 
to observe four separate nuclei not including solvent 
nuclei, ^Na, ^H, ^C, ^Al. Further the presence of 
quadrupole moments in the sodium and aluminum nuclei 
provides a unique probe of the electrostatic environment 
of the ionic species. This property is extremely impor­




A complete understanding of the nmr data then
requires a full understanding of the quadrupolar spin
lattice relaxation mechanism. The absence of any spin-
23spin coupling to the spin 3/2 Na nucleus makes this
the simplest spin system observable in this salt. It may
be best then to work from an understanding of the
relaxation mechanism in this simple spin system to the
27 1more complicated spin-coupled A1 and H systems.
23Na NMR
Theory. In nmr any radiationless process which 
affects the lifetime of the excited state is referred to 
as a relaxation process. The spectral linewidth is 
influenced by the relaxation via the Uncertainly Principle
AEAt = h Eq. 4.1
Since AE = hAu and At is the relaxation time, T2 , the 
width of the resonance line, Au, is proportional to I/T2 .
Relaxation processes are best understood in terms 
of the decay of the magnetization vector, M along the 
coordinate axes. Since the resonance condition involves 
the rotation of M about the z-axis, the use of a rotating 
frame of reference greatly simplifies a discussion of the 
magnetization. In the rotating frame, the z-axis is 
unchanged from the stationary frame but the new x 1 and y'
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axes are rotating about the z-axis at the Larraor frequency. 
If ^  lies at an equilibrium position along the z-axis, the 
application of a field, H^, along the y' axis will cause 
Mq to be tipped toward y' and thus contain a component 
along y', , in addition to Mz * Because of processes
which cause the nuclei to exchange spin energy, the 
precessional frequencies spread out and consequently My, 
spreads out into the x'y' plane. As a result of this 
spreading, My, decays along y'. Magnetic field inhomo­
geneity can also cause decay in My,. Additionally, there 
are processes whereby My, is caused to tip back towards
M„ with a time constant Tt . The overall relaxation time —z i
along y 1 is given by:
Br- = sr— H Eq. 4.2
l 2 t1 2
where T2* is the relaxation along y' resulting from spin 
interactions and inhomogeneity. Since concerns only 
the z-component it is called the longitudinal relaxation 
time while T2 is the transverse relaxation time. When M g 
has relaxed completely to its equilibrium position 1̂ , 
there can be no component in the x'y' plane. Therefore,
T2 can never be longer than T^.
The processes which govern T^ are usually caused by 
the presence of fluctuating magnetic fields in the
57
surroundings resulting from the motion of neighboring 
nuclei with magnetic moments. These fluctuations have-a 
finite probability of possessing frequency components at 
the Larmor frequency allowing a transfer of magnetization 
to the surroundings. This process is referred to as spin- 
lattice relaxation. The process by which two nuclei 
exchange spin energies resulting in no net change in the 
magnetization is referred to as spin-spin relaxation. Since 
spin-spin relaxation does not change the overall magneti- 
zation, it does not affect T^ and is contained in T2 .
A particularly effective spin-lattice relaxation 
mechanism is available to nuclei with a nuclear electric 
quadrupole moment. Sodium-23 has a spin X ** 3/2 and 
therefore possesses a quadrupole moment. In an electric 
field of spherical symmetry, the four spin levels (-3/2 
to +3/2) are equally spaced. Since the selection rules 
for nmr allow only transitions between adjacent levels, 
the transitions are degenerate. However any distortion 
in the electric field from spherical symmetry produces an 
electric field gradient. The nuclear electric quadrupole 
moment will interact with this electric field gradient in 
such a way as to cause a change in the spin levels and 
remove the degeneracy. Since the electric field gradient 
varies with the orientation, the extent of this inter­
action is different for all possible orientations of the
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nucleus. The rapid reorientation of the nucleus in non- 
viscous liquids causes a spreading of the transition 
energies and additionally may be considered to produce a 
fluctuating electric field gradient. The fluctuating 
electric field gradient can be broken down into indivi­
dual frequency components. Since the transition energies 
are spread out, there is an enhanced probability that a 
particular frequency component of the fluctuating field 
will correspond to a transition energy. Consequently, 
the relaxation time, T2 , is predominantly due to this 
spin lattice process and
The only condition governing this relationship is called 
the extreme narrowing condition and is met by
<< 1 Eq. 4.4o c n
where is the reorientational correlation time and to is c o
the Larmor frequency. This condition is generally met 
when the viscosity-temperature quotient (cP/°K) is less 
than 1 . ^
/ OAbragam has derived an expression for the spin 
lattice relaxation time of a nucleus undergoing the quad­
rupole relaxation process:
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1 „ 1 3 .-21- +...3 (, , o2 e2QqZ z \2 , _
Tj Q Tj Q ^  12(21-1)  ̂+ T  “Tr^l Tc Eq- 4'5
where eqzz is the electric field gradient at a point along 
the z-axis and a is the assymmetry parameter given by
eqxx - eq
— ^ E q .  4.6 
*1zz
Since the width of the band at one half height is 
given by
2Au, = sr- (in radians/sec) Eq. 4,7
* i2
■ 7TJ (in Hercz)
the relaxation time of a broad line can be determined
directly from the linewidth. Ao^.
Therefore by equations 4.5 and 4.7 it may be seen
23that the linewidth of the Na resonance is determined by
the magnitude of the electric field gradient and the
23correlation time, tc< Any theoretical model for Na
linewidths must therefore explain the origin of the
23fluctuating electric field gradient at the Na nucleus.
Unfortunately, there is no single unambiguous 
theory which covers the full range of ion-solvent and ion- 
ion interactions likely to be encountered by a sodium ion
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in solution. There are instead two basic theoretical 
approaches to this problem, one an electrostatic model 
and the other a quantum mechanical model.
The electrostatic model, formulated by K. A. 
Valiev^ and by H. G. Hertzt"* postulates the origin of 
the electric field gradient in terms of the action of 
point charges and electric dipoles on the central nucleus. 
The fundamental difference between the Valiev model and 
the Hertz model lies in the interpretation of the corre­
lation time, t . Valiev identifies with the lifetime c c
of a vacancy in the first solvation sphere of the central 
ion. Hertz however has postulated three distinct solva­
tion states with independent correlation times. The three 
solvation states are 1) Fully Random Distribution, with a 
completely random distribution of solvent dipoles; 2) 
Non-Oriented Solvation, with a distinct first solvation 
sphere but a random distribution of dipoles within this 
sphere; and 3) Fully Oriented Solvation, in which the 
solvent dipoles in the first solvation sphere are radially 
oriented.
The second model was derived by C. A. Deverell^ 
and is based on orbital overlap considerations. This 
model takes into account the shielding effect of the 
outer electrons and considers the electric field gradient 
at the nucleus to result from short range repulsive forces.
Such forces can arise from the interaction of another ion
or solvent molecule at a distance less than the minimum
of attractive potential. These interactions which only
occur during random collisions cause distortions in the
inner shell electron density. An important result of the
Deverell model is the contribution of the orbital overlap
integral to both the quadrupole coupling constant, e QqzzM
and the paramagnetic shielding constant; these being
reflected in the relaxation time and the chemical shift
23respectively. A correlation between the Na chemical
shift and the spin lattice relaxation time has been
observed for a number of systems. For example, one may
compare the results of a study of the solvent dependence
47of relaxation times with the paper by Ehrlich, Roach and
Popov^ on ^ N a  chemical shifts.
48Kintzinger and Lehn demonstrated that the corre­
lation time, tc , can be identified with the reorienta- 
tional correlation time of a stable solvate. By deter­
mining the correlation times of sodium cryptands by the 
13C spin label method they were able to show that t can 
be described by the Debye-Stokes equation (Eq. 4.8) 
provided a correction is made for the relationship between 
the bulk viscosity and the microscopic viscosity.
62
where n = viscosity
a = Stokes' radius
49Laszlo and his coworkers have used this approach to 
interpret the relaxation times of sodium perchlorate in 
mixed solvents composed of THF with unidentate or 
bidentate amines.
Equation 4.5 shows that the linewidth is determined 
by both the electric field gradient and the correlation 
time. In many cases the lifetime of the solvated species 
is sufficiently longer than the rotational correlation 
time such that the Kintzinger and Lehn approximation is 
valid. In such cases a unique opportunity is provided to 
determine the effect of ion-solvent interactions on the 
electric field gradient.
23The results of a Na nmr linewidth study on the
system
NaAlEt^-benzene-HMPA
indicate that the correlation time can be adequately 
described by Eq. 4.8. This then implies the existence 
of solvated species with a lifetime much longer than the 
reorientational correlation time. The existence of stable 
long-lived solvation complexes effectively rules out the 
possibility of a rapid exchange of HMPA molecules among 
the complexed species. Therefore the solvation of the
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sodium ion by HMPA must occur via a stepwise association 
process.
By using the Kintzinger and Lehn approximation it
is possible to obtain the dependence of the quadrupole
2coupling constant, e Qqzz/fi, on the ratio of HMPAiNaAlEt^.
Since both the Deverell model and the electrostatic model
attribute the electric field gradient to ion-ion inter- 
23actions, the Na nmr linewidth can be used as a direct 
probe of ion-ion interaction.
23Results and discussion. The values of the Na 
linewidth measured at h height are given in Table 4.1.
These data were used to construct the plot shown in 
Figure 4.1. This figure bears a striking resemblance to 
the plot shown in Figure 3.3 of the viscosity as a function 
of mole ratio. This strongly implies that the linewidth 
is related directly to the viscosity. In Figure 4.2, the 
linewidth is shown as a function of the viscosity. The 
viscosity was obtained via Figure 3.3 in the previous 
chapter. In this figure a linear increase with viscosity 
is followed by a linear decrease. Such a strong viscosity 
dependence would seem to indicate that the Kintzinger and 
Lehn approximation is valid here. The use of Equation 4.8 
to approximate the correlation time should show a linear 
dependence of the linewidth on the viscosity-temperature
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Table 4.1 
^ N a  Linewidth Data at 303°K
Ratio
HMPA:NaAlEt4 Au^ (Hz) n (cP) (Au n)^
1.0 1870 1.98 30.7
1.2 2200 2.55 29.3
1.4 2400 2.8 29.2
1.75 2500 2.5 26.7
2.0 3280 4.31 27.5
2.2 3800 5.71 25.7
2.4 4800 6.98 26.2
2.5 4800 7.5 25.2
2.6 3970 8.08 22.1
2.8 2700 4.88 23.5
3.0 2540 4.3 24.3
3.25 1600 3.25 22.1
3.4 560 2.13 16.2
3.5 530 2.0 16.2
4.0 240 1.37 13.2
5.0 130 1.0 11.4
6.0 80 1.0 8.9
Figure 4.1
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quotient. The viscosity-temperature quotient may be 
calculated from Table 3.2. The corresponding temperature 
linewidth data are presented in Table 4.2. These data 
were then used to construct Figure 4.3. In this figure 
the expected linear dependence on the viscosity-temperature 
is observed. This demonstrates conclusively that the 
correlation time is determined predominantly by the 
rotational correlation time of long-lived solvated species. 
Since the average lifetime of a solvated species is longer 
than the rotational correlation time, this implies that 
the solvation of the sodium ion by HMPA does not involve 
any exchange of HMPA molecules between solvated cations.
A model for the solvation may then be proposed whereby a 
series of stable solvated species such as [Na+ *1HMPA| 
AlEt4"]°, [Na+ -2HMPA|AlEt4"]° and [Na+ *3HMPA|AlEt4 ~ ]0 are 
formed consecutively.
Under both the Deverell model and the electro­
static model the electric field gradient derives from 
the interaction of an external charge with the central 
nucleus. It has been shown that the correlation time may 
be successfully approximated by Equation 4.8; it is 
possible to derive a function which is proportional to 
the electric field gradient by taking the square root of 
the linewidth reduced to unit viscosity. This value is 
shown in Table 4.1 and Figure 4.4. The linear decrease in
Table 4.2
23Temperature Dependence of the Na Linewidth
Ratio Au^ (Hz) @
HMPA:NaAlEt4 303°K 313°K 323°K 333°K
1.0 2560 2240 1960 —
2.0 3900 3320 2880 2560
2.4 5840 4960 4080 3608
3.0 1720 1600 1380 1360
Figure 4.3
23Na linewidth at one-half height as a function of viscosity/ 
temperature. HMPA:NaAlEt^ ratios— 1.0:1, □  ; 2.0:1, A  ; 
2.4:1, O  ; 3.0:1, S7 > respectively.











23Square root of Na linewidth/viscosity as a function of the 
ratio HMPA:NaAlEt4 .
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the curve up to a value of 3:1 can be related to an 
increase in the symmetry of the solvated species caused 
by increased complexation by HMPA. Laszlo et al. 
reported a similar decrease with increased complexation 
by amine ligands. The linearity of the decrease implies 
that the quadrupole coupling constants are additive.
Additivity in chemical shifts is not uncommon.
51Covington reports that an additivity in the chemical 
shift should be expected for successive complexes. By the 
Deverell theory then, additivities must be present in the 
quadrupole coupling constant as well.
The rapid decrease in the curve between 3:1 and 
4:1 HMPA:Na+ can be related to a change from a contact ion 
pair species to a solvent separated ion pair. The com­
plete isolation of the cation from the direct influence of 
the anion in a solvent separated ion pair should decrease 
the electric field gradient to a limiting value. This is
illustrated by the leveling off of the curve after 4:1.
23The results of the Na nmr data indicate that 
the solvation of the sodium ion by HMPA occurs via a step­
wise association process forming a series of solvated 
contact ion pairs.
23The previously reported value of 4 for the 
solvation number of the sodium ion in HMPA is strongly 
supported by this study. This value does not agree with
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51 52the value of 3 obtained by Darensbourg and Stevenson.
53However the value of 4 is now becoming accepted.
It must be noted that chemical shift measurements
23can be a very useful tool in Na nmr studies. However 
in this system, the extremely rapid relaxation times and 
consequent line broadening make the accurate determination 
of chemical shifts impossible. For example, it is 
reported that the normal range of Na chemical shifts 
are 30 ppm. At a spectrometer frequency of 52.94 MHz, 
that corresponds to spectral width of 1600 Hz. At a 
2.00:1 ratio of HMPArNaAlEt^ the observed linewidth is 
approximately 5000 Hz. C o v i n g t o n h a s  reported the 
absence of any observable signal in the similar system 
NaB(CgH^)^-nitromethane-HMPA for solutions where the HMPA 
concentration is relatively small. This can only be a 




The presence of spin-spin coupling between the
27Al nucleus and both the methylene and the methyl protons 
of the tetraethylaluminate anion make the aluminum nucleus 
a much more complicated spin system than the isolated 
sodium ion. For example, the multiplet structure shown 
in Figure 4.5 for a 6:1 solution arises from proton coup­
ling. It is very important to note that the proton coup­
ling can only be observed in the case of a very inefficient 
quadrupole relaxation mechanism. The fundamental theory 
of quadrupole relaxation is no different here than for 
the simpler sodium spin system. There is however a
27fundamental difference between the two systems. The A1 
linewidths are a full order of magnitude less than the 
corresponding sodium linewidths. There are several 
reasons for this. First, since the linewidth is propor­
tional to the term (21 + 3)/I2 (2I - 1), the spin 5/2 27A1
nucleus has an intrinsically narrower linewidth than the 
23spin 3/2 Na nucleus. In addition, the quadrupole coup-
2ling constant (e qQ/10 for the aluminum nucleus must be
significantly different to give rise to such a wide
27 23disparity in the linewidths. Since Al and Na have 
very similar quadrupole moments, 0.15 and 0.14 Barnes 
respectively, there must then be a much larger electric 
field gradient produced at the sodium ion. This is
Figure 4.5




certainly not an unreasonable assumption. It has been
shown that the electric field gradient at the sodium ion
is affected both by the number of HMPA molecules in the
complex and by the proximity of the anion. Since in this
system solvation occurs only at the cation, the electric
field gradient at the aluminum nucleus can only be
affected by the proximity of the cation. In addition,
the aluminum nucleus possesses a very high orbital
symmetry. Based on the X-ray crystallographic data, it
appears that the closest approach of the sodium ion occurs
at an a-carbon and not directly at the central nucleus
itself. Therefore it can be postulated that the electric
field gradient at the aluminum nucleus is produced via a
3slight lifting in the degeneracy of the sp hybrid by a 
cation-a-carbon interaction. This field gradient should 
then be sensitive to the overlap with the cation. Since 
the LUMO of the sodium ion is an s orbital, the overlap 
depends only on the distance and not the orientation.
Results and discussion. The spin-spin coupling to 
the proton resonances first becomes observable at a ratio 
of 2.5:1. Beyond this ratio the multiplet structure shown 
in Figure 4.5 is observed. Therefore all spectra were 
acquired in proton noise decoupled mode. The presence of 
a strong decoupling RF field renders the direct evaluation
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of the relaxation time from the linewidth invalid.
/ *3Abragam (Chapter XII) has shown that a considerable 
line narrowing results from the double irradiation tech­
nique. However in the region where the proton coupling 
does not contribute significantly to the lineshape, the
linewidth is very representative of the relaxation time.
27The dependence of the Al linewidth on the mole 
ratio is given in Table 4.3 and Figure 4.5. The signifi­
cant feature here is the sharp decrease in linewidth from 
a maximum at 1:1. This implies that there is a significant 
decrease in the electric field gradient at 2.5:1. The 
leveling off of the curve well before the formation of 
solvent separated ion pairs is due to the effect of the
decoupling RF field. An analysis of the proton nmr spectra
56via the lineshape theory of Pyper demonstrates irrefut- 
27ably that the Al quadrupole relaxation time does in fact
continue to increase beyond the apparent linewidth minimum.
27A complete analysis of the Al nmr would then require an 
accurate determination of the spin lattice relaxation 
time. However the simple linewidth study indicates that 
the maximum electric field gradient is produced when there 
is minimum solvation of the cation. There are two possible 
explanations for this. First there is an increase in the 
cation size upon complexation. This then imposes a steric 
restriction on the approach of the cation to the a-carbon.
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Table 4.3 
^ A 1  Linewidth Data
Ratio 














27Al linewidth at one-half height (proton noise decoupled) as 



















Secondly in considering the overlap of the sodium 3s
orbital with the highest occupied MO (HOMO) of the anion,
it is necessary to consider a repulsion term due to
partial occupancy of the sodium orbital resulting from
complexation by HMPA. Both the steric interaction and the
repulsive term would lead to a decreased overlap efficiency
and a consequently smaller electric field gradient.
27Additionally the correlation time for the Al
23resonance is obviously not the same as for the Na
resonance. This is shown by the lack of any apparent
27viscosity dependence of the Al linewidth. Therefore
some molecular motion other than simple rotational
diffusion must be responsible for the fluctuating field
27gradient at the Al nucleus. Initially it would seem 
that if the same ion-ion interactions are responsible for 
the electric field gradient at the sodium nucleus and the 
aluminum nucleus, then the correlation function for both 
nuclei should be identical. This is obviously not the 
case.
The reason is relatively simple. Solvation by HMPA 
occurs only at the cation. Therefore any electric field 
gradient produced by either the presence of the HMPA 
dipole or overlap with the HMPA HOMO will be effective 
only at the sodium ion. It is not entirely unreasonable 
to assume then that ion-solvent interaction could produce
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a stronger electric field gradient at the sodium ion than 
ion-ion interactions. Since there are no specific ion- 
solvent interactions at the anion, the electric field 
gradient at the aluminum nucleus can only be the result 
of ion-ion interactions.
Therefore two separate correlation functions 
relating to the electric field gradient at the sodium ion 
and at the aluminum nucleus can be proposed. For the 
sodium ion, it has been shown that the rotational 
diffusion model is completely adequate to explain the 
fluctuating electric field gradient. This model 
apparently does not apply to the aluminum nucleus. A 
fluctuating electric field gradient must be produced by 
a change in the ion-ion interactions. Such a change could 
result from either a rapid equilibrium between ion pairs 
and free ions or a vibration of the ion pair species. An 
equilibrium between ion pairs and free ion should depend 
on translational diffusion in which the viscosity should 
be very significant. Ion pair vibrations are well known 
and have been observed by Tsatsas and Risen^ for NaAlBu^. 
Therefore it is proposed that fluctuating electric field 




Introduction. The proton magnetic resonance is
by far the most complex of these three spin systems. The
scalar coupling between the proton resonance and the quad- 
27rupolar Al nucleus renders the proton nmr an excellent
probe of ion-ion interactions. Specifically, the proton
nmr spectrum can distinguish unequivocally between contact
ion pairs and solvent separated pairs or free ions. For
22example, Gore and Gutowsky showed that the proton nmr
signal for lithium tetramethylaluminate consists of a
singlet for a contact ion pair but becomes a well resolved
six-line multiplet in a solvent separated ion pair.
58Westmoreland, Bhacca, Wander and Day extended the tech­
nique to sodium tetraethylaluminate. They showed that 
the contact ion pair is characterized by a quartet in the 
methylene region of the spectrum while the solvent
separated ion pair shows a symmetrical nine line pattern
23in the same region. Ahmad and Day later refined the 
technique into an elegant method for determining the 
number of donor solvent molecules necessary to convert a 
contact ion pair into a solvent separated ion pair by 
using the system NaAlEt^-benzene-donor.
For the donor HMPA it was shown that the contact 
ion pair spectrum is observed at a 1:1 ratio of HMPA to 
salt while the solvent separated ion pair spectrum is
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observed at a 4:1 ratio. The exact mechanism for the 
transition between the two ion pair types was not 
discussed. There are two possible mechanisms for such a 
transition. In the first mechanism, the complexed species 
can be considered to exist in only two forms— a 1:1 com­
plex and a 4:1 complex. All intermediate ratios would 
correspond to an equilibrium distribution between the
two complexes. However, it was shown earlier in the 
23section on Na nmr that the complexation occurs via the 
formation of a series of stable complexes. Thus a gradual 
transition via sequential complexes forms the second 
mechanism for the transition.
Theory. It is well recognized that the nmr signals 
arising from spin 1/2 nuclei which are scalar coupled to 
nuclei of spin greater than 1/2 are quite often broadened 
by the rapid quadrupole-electric field gradient relaxation 
undergone by the latter. Since the quadrupole relaxation 
process has been discussed in detail, it is necessary now 
to examine the scalar relaxation process responsible for
/ Othe proton lineshape. Abragam has defined two distinct 
processes: scalar relaxation of the first kind resulting
from chemical exchange processes and scalar relaxation of 
the second kind resulting from scalar coupling to a 
rapidly relaxing nucleus. A significant result of
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Abragam's discussion is that the lineshape equation has 
the same functional form for both processes. Consequently, 
it is not a trivial problem to distinguish between chemical 
exchange broadening and quadrupole broadening.
It is possible to develop a working conceptual 
model of the scalar relaxation process without resorting 
to a detailed quantum mechanical treatment. It will be 
demonstrated that the model for the quadrupole broadening 
is very similar to a chemically exchanging system. There­
fore the A^X spectrum of the tetramethylaluminate anion 
will be discussed in terms of the effect of the quadrupole- 
electric field gradient spin-lattice relaxation time of the 
aluminum nucleus, (T^)q. The results for this system can 
then be applied to the more complicated A2B3X spectrum of 
the tetraethyl anion.
In the AX^ system, the z-component of the AX coup­
ling causes the precession frequency of the A nucleus to 
be different for each spin state of the X nucleus; in this 
case resulting in a six-line multiplet. The quadrupole- 
electric field gradient interaction induces random 
transitions among these spin states. These transitions 
in turn cause the A nucleus to undergo random stationary 
jumps with a jumping frequency fl. The relationship 
between £1 and the spin-spin coupling constant, J ^ , deter­
mines the lineshape. The two limiting spectra, the
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six-line multiplet and a sharp singlet, are the results 
of the relationships
^ < < —AX ^ ^
and
n >;> —AX
respectively. In the case where £3 becomes comparable to 
—AX’ t îe sPectrum becomes a complicated function of 
and ( T P q .
Chemical exchange broadening arises when there is
an equilibrium between two non-equivalent species. When
the exchange rate is comparable to the chemical shift
difference, Aui, then the lineshape becomes a complicated
59function of Aw and the exchange rate. Abragam ? 
demonstrated the similarity between quadrupole broadening 
and exchange broadening by comparing the theoretical line­
shape of a spin 1/2 nucleus coupled to a nucleus of spin 1 
with varying extents of quadrupole relaxation, to the 
spectrum of the hydroxyl proton of ethanol for varying 
concentrations of ethanol shown in Fig. 4.7.
In the A2B3X spectrum, a similar result is 
obtained except that the spectrum is complicated by the 
AB coupling. Since this coupling is not affected to any 
large extent by the quadrupole relaxation of X, the 
limiting spectra are a quartet resulting from J^g and a
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Figure 4.7
A, Theoretical lineshape for a spin % nucleus coupled to 
a spin 1 nucleus, for n = 1 0-r (T^)qJ^
ii. t)2 = 1 0 2
iii. n2 = 10
iv. t}2 “ 1
B. Hydroxyl proton resonance in ethanol for varying con­
centrations of HC1.
i. 5 x 10'5 N HC1 
ii. 1 x 10"5 N HC1
iii. 3.8 x 10"6N HC1
(From A. Abragam, Principles of Nuclear Magnatism, 






multiplet resulting from both J^g and In the tetra-
ethylaluminate anion, the values of J^g and are such 
that instead of the expected 24 lines there are only nine 
lines. Since J^g can be determined from the quartet 
splitting, there is only one value of which will give 
rise to a symmetrical nine line pattern. It is then 
possible to compare the quadrupole relaxation time with 
the value of and gain some insight into the expected 
lineshapes based upon a pure scalar relaxation process of 
the second kind.
Results and discussion. The methylene resonance
of the anion as a function of the mole ratio HMPA:NaAlEt^
is shown in Figure 4.8. It can be noted that the
resolution of the quartet becomes lost completely at a
ratio of 2.20:1. Additionally the spectrum rapidly
becomes a broad featureless hump showing no fine structure
until approximately 3.5:1. Reexamining Figure 4.6, it can
27be seen that the A1 relaxation time is undergoing a
drastic increase in this region. According to Abragam's
theoretical treatment of the A^X case, the value of the
relaxation time must drop to approximately 1/(1 0ttJ^) in
order to yield a sharp spectrum in which the AX coupling
3is not observed. Since the coupling constant is
27.5 Hz, the value of can be calculated using the
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"hi nmr spectrum of 
ratio HMPAcNaAlEt^.
Figure 4.8 
CH2 " in NaAlEt4 as a function of the
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spectrum simulation program PANIC.81 on the Bruker WP200
spectrometer system. The calculated value is 8.5 Hz.
27Therefore by Equation 4.7, the linewidth of the A1 
resonance must be in the vicinity of 85 Hz. The measured 
^ A 1  linewidth at a ratio 2.2:1 is 99 Hz, this corres­
ponds to the general region where line broadening in the 
proton spectrum would be expected.
This provides a very strong indication that the 
proton lineshape is the result of a pure quadrupole 
broadening effect. For such a process, the effect of 
temperature should be to decrease the correlation time,
t , and increase the relaxation time by Equation 4.5. c
Therefore, the spectra corresponding to longer relaxation 
times should be expected at higher temperatures. In 
Figure 4.9 the temperature dependence is shown for several 
ratios. It can be seen that the quartet spectrum becomes 
broadened at higher temperatures while the nine-line 
multiplet becomes more well resolved exactly as expected 
for a quadrupole broadening. However it can also be 
argued that an exchange mechanism between ion pairs and 
free ions would yield similar results. At high tempera­
tures free ions would be more favored than at low 
temperatures.
In order to distinguish between a pure quadrupole
27mechanism and the equilibrium process, the A1 decoupled
Figure 4.9















proton nmr spectrum was recorded for a 2.50:1 ratio. At
this ratio, the line is extensively broadened. If the
line broadening is the result of such an equilibrium then
the chemical shift difference between contact ion pairs
and free ions should cause an extensive broadening to
remain even in the complete absence of the aluminum-proton
27coupling. Figure 4.10, the A1 decoupled proton nmr of
the 2.5:1 ratio in toluene, is shown as a function of
temperature. There is no indication of any linebroadening
down to the freezing point at -48°C.
On this basis, it can be concluded that the proton
nmr lineshape does not result from any equilibrium process
between ion pair types. The lineshape is determined
27solely by the spin-spin coupling constants and the Al 
spin-lattice relaxation time as predicted by the scalar 
relaxation theory of N. C. Pyper.^
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Figure 4.10
27 iA1 decoupled H nmr spectrum of -CH2- in NaAlEt* as a 





It has been stated earlier that the system
NaAlEt^-benzene-donor
may be an ideal system for the study of ion-solvent and 
ion-ion interactions. We have seen that in the case of 
the strong donor HMPA it may be concluded that any rapid 
exchange process involving the complexation process is 
not a factor in determining the properties of the system. 
The significance of this result lies in the fact that the 
interpretation of data obtained in such a system does not 
involve the prior assumption of equilibrium constants for 
the complexation reactions. It has been shown in Chapter 
3 that the lineshape of the proton nmr signal can be 
derived from either a single species with a particular 
quadrupole relaxation or it can be derived from an equili­
brium process involving two distinct species by the method
22of Gore and Gutowsky. Thus it is very important to be 
able to show whether or not such an equilibrium does in 
fact exist.
We have been able to study ion-solvent interactions
primarily via the Na nmr data. It has been shown that 
23the Na linewidth reduced to unit viscosity is an
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excellent measure of the extent of cation solvation. The
direct interaction between the cation and the anion has
been studied via the electrolytic conductivity and both 
27the A1 nmr relaxation time and proton nmr lineshape.
The scalar coupling relaxation process between the quadru- 
27polar Al nucleus and the methylene protons in the anion 
has been shown to be a very sensitive measure of the 
electrostatic ion-ion interaction. The effect of increas­
ing the relative molar quantity of HMPA on both the extent 
of complexation of the cation and the ion-ion interaction 
yield results which are consistent with a stepwise 
association process resulting in a gradual transition from 
a direct contact between the cation and the anion to a 
solvent-separated ion pair.
The formation of two liquid phases can be ratio­
nalized on the basis of the extent of aggregation of the 
solvated species. Extensive aggregation can be expected 
in this system based upon the molecular weight studies by 
Muller.^ The lower phase volume study and the activation 
energy of ionic mobility both indicate that the extent of 
aggregation becomes drastically reduced at a ratio of 
2.5:1 HMPA:NaAlEt^. The critical importance of this 
ratio has led to the postulate of a solvent bridged species
which can be considered as a stable complex of stoichi-
2+ometry [Na2 *HMPA^] . It must be considered however that
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the extent of aggregation is not apparent in the nmr data.
23In the Na nmr study, it was demonstrated that the corre­
lation time could be derived from the rotational correla­
tion time of the solvated cation. Since the Stokes radius 
of an aggregated species is obviously much greater than 
that of a simple ion pair, some indication of a sudden 
transition from a large aggregate to ion pairing should 
appear. The absence of such a result must therefore imply 
that the lifetime of a particular aggregated state is less 
than the rotational correlation time.
The formation of stable complexes with HMPA 
correspondingly decreases the number of sites available to 
an anion. Consequently the electrostatic interactions in 
an aggregate are considerably less than the ion pair 
electrostatic potential. Therefore it should be expected 
that upon formation of the 2.5:1 bridged species the 
cation contains three HMPA molecules and one anion in the 
first solvation sphere. Therefore there are no sites 
available on the cation for a second anion to extend the 
size of the aggregate.
We can describe the effect of the addition of HMPA 
in terms of three different but interrelated processes:
1) complexation of the cation by HMPA, 2) a transition 
from solvated contact ion pairs to solvent separated ion
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pairs and 3) a transition from a loosely aggregated system
to a system consisting of predominantly ion pairs.
The results of this study suggest that it would
be worthwhile to study the extent of aggregation as a
function of mole ratio HMPA:NaAlEt^ via vapor phase
osmometry. Additionally it would be very interesting to
carry out a full study of the DMSO system including a full
analysis of the ^Na, ^ A 1 and nmr data.
The lineshape analysis of the proton nmr has been
only qualitative in this study. By a careful determi-
27nation of the accurate A1 spin-lattice relaxation times
combined with a spectrum simulation program such as the
QUADREDOCOS program described by Harris and Pyper,^ it
should be possible to demonstrate quantitatively the
27dependence of the proton lineshape on the A1 relaxation 
27time. The Al spin lattice relaxation time can be deter­
mined accurately via an inversion recovery FT technique.
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APPENDIX I





The X-ray crystallographic structure of sodium 
tetraethylaluminate was determined as part of a more 
general study of a series of sodium tetraalkylaluminate 
salts.
The salt was prepared by a previously reported 
synthesis^ and recrystallized twice from hot toluene. A 
clear colorless prismatic crystal measuring 0.16 x 0.36 x
0.52 mm was sealed into a 0.5 mm thin wall glass capil­
lary and mounted on an Enraf-Nonius CAD-4 diffractometer 
such that the major axis of the crystal lay ,along the <j> 
axis of the diffractometer. The diffractometer was 
equipped with a graphite monochromator set for Cu Ka 
radiation (x = 1.54184 A).
Data were collected by <*j-2e scans. Scan speeds 
varied with intensity in order to measure all data with 
equal precision. Data reduction included correction for 
background, Lorentz and polarization effect. The linear 
absorption coefficient (u) was found to be 13.86 cm 
therefore absorption corrections were made by an empirical 
method based on ij/ scans of reflections near x = 90°. The 
minimum relative transmission factor was 0.8406.
Only data for which F > 3a(F) were considered 
observed. Therefore of the 4455 unique data collected, 
only 2747 reflections were actually used in the refinement.
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On the basis of the systematic absences at k0£, £ odd and 
OkO, k odd, the space group was determined to be P2^/C. - 
The unit cell parameters are listed in Table 1.
The structure was solved using heavy atom methods. 
The two non-equivalent sodium atoms and the two aluminum 
atoms in the assymmetric unit were located on a Fourier 
map of the Patterson function. The remaining atoms were 
located from Fourier difference maps. The structure was 
refined by weighted, full matrix least squares. Hydrogen 
atoms were located but not refined. All other atoms were 
treated anisotropically. The final residual factors were 
R = 0.056 and R^ = 0.072. The atomic coordinates and bond 
angles and distances are given in Tables 2 and 3 respec­
tively. Figure 1 is a packing diagram of the unit cell.
Discussion
The sodium ions are coordinated to a-carbons on
four separate anions. In the analogous lithium compound
2reported by Gerteis, Dickerson and Brown , the lithium ion
is coordinated to 4 a-carbons, two on each anion resulting
in linear chains of alternating lithium ions and anions.
3From bonding considerations , it can be shown that an 
angle of 112-114° is expected between the C-C bond and the 
direction of the hybrid orbital toward the aluminum atom. 
















Atomic Coordinates of Na[Al(C2H^)^]
Atom X Y Z
A£1 -0.030 0.201 0.898
PJL2 -0.463 0.197 0.366
Nal 0.347 0.376 0.055
Na2 -0.157 0.374 0.592
Cl 0.106 0.077 0.883
C2 0.160 0.088 0.812
C3 -0.021 0.171 1.006
C4 0.073 0.151 1.113
C5 0.134 0.318 0.948
C6 0.085 0.420 0.938
C7 -0.097 0.233 0.758
C8 -0.186 0.155 0.724
C9 -0.358 0.304 0.455
CIO -0.406 0.397 0.467
Cll -0.379 0.072 0.369
C12 -0.302 0.080 0.323
C13 -0.550 0.250 0.220
C14 -0.599 0.166 0.137
C15 -0.563 0.155 0.424
CIS -0.644 0.074 0.361
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Table 3
Bond Distances and Angles in Na[A1(C2H^)^3
Bond Distances










Atom 1 Atom 2 Atom 3 Angle (°)
All Cl C2 116.0
All C3 C4 112.8
All C5 C6 116.15
All C7 C8 113.0
All C9 CIO 116.0
All Cll C12 117.2
All C13 C14 113.5
All C15 C16 114.1
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Figure 1
ORTEP drawing of the unit cell of Na[Al<C2H^)^l.
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range. The lithium compound however indicates that there
is some delocalization of the Al-C bonding electrons to
include covalent bonding to lithium. The Na-C distances
of 2.74-2.83 A eliminate the possibility of any large
extent of covalency in the sodium compound.
In conclusion, it must be noted that the Na-C
interaction can be considered as a purely electrostatic
interaction resulting from the charge distribution in the
3anion being localized in the aluminum sp hybrid orbital. 
Some overlap of the sodium orbitals with the molecular 
orbitals on the anion can occur during collisions in 
solution. However in the crystal, packing considerations 
apparently do not allow such an interaction.
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APPENDIX 2
AN INEXPENSIVE AND VERSATILE HETERONUCLEAR 




In the course of our research involving the sodium
tetraalkyl aluminate salts, we have discovered a need for
27the ability to decouple the quadrupolar Al nucleus from 
the proton nmr resonance. Our decoupler for the Varian 
HA-100 100 MHz spectrometer is based on the heteronuclear 
decoupling technique of Burton and Hall^ with a signifi­
cant modification in the generation of the decoupling RF 
field. They used a frequency synthesizer in conjunction 
with an RF power amplifier to furnish the decoupling field. 
We have developed a very inexpensive and quite versatile 
decoupler using a spare V4311 crystal stabilized RF unit.
In order to sweep through the decoupler frequency, the RF 
transmitter was modified to allow a low frequency ampli­
tude modulation to be imposed on the main frequency. The
modifications involve initially replacing the Y101 crystal
27with a 6.5142 MHz crystal to provide the 26.057 Al 
resonance frequency and further disconnecting the 
capacitor C118 in order to capacitively couple an audio 
frequency signal to the V103 screen grid in the output 
stage. We have used a Hewlett-Packard 4204-A audio 
oscillator fed through a small audio amplifier to provide 
an output voltage of 100 V peak to peak. In order to 
achieve sufficient decoupling power, the amplitude modu­
lated output of the V4311 is fed into a small AM trans­
mitter. We have used a WRL Electronics Globe Chief Model
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90-A transmitter. It was determined that a maximum RF
power of 5-10 W was sufficient to completely decouple to 
27Al resonance. The decoupling RF field is fed into the
probe via a double tuning module. The double tuning method
of heteronuclear double resonance has been shown to be
1 2  3preferable to methods involving an auxiliary RF coil. ’ ’
Our double tuning module is identical to the circuitry 
described by Burton and Hall.
A block diagram of our decoupler set up is shown 
in Figure 1. The crystal change procedure for the V4311 
RF unit is described in Varian Technical Manual 87-111-202. 
The efficiency of the decoupler may be seen by Figure 2, 
in which the spectrum of a mixture of AlCCH^)^, 
A1(CH3)3(C2H5)', A1(CH3)2 (C2H5>2 and A1(CH3)(C2H5>3 is 
shown both with and without decoupling.
27We have used this circuit only for Al decoupling 
but we feel that the necessary modification to decouple 
any other nucleus would involve only a crystal change in 
the V-4311 and retuning of the probe adaptor.
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Figure 1
Block diagram of the 27A1 decoupling apparatus.
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V43II RF unit 
100.00 MHz
audio amplifier 
output * 100 V p.p.
V43II RF unit 
26 .057  MHz
HP 4204-A  
Audio Oscillator
Figure 2
Proton nmr of -CH^ in a mixture of Al(CHg)^, 
A1(CH3)3 (C2H5)", A1(CH3)2 (C2H5)2 and Al(CH3>(C2H5)
a) ^ A 1  coupled
b) irradiated at 26.057 MHz 
modulated by 5.107 KHz
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